Abstract. -We report the experimental observation of 1/ f α noise in quasi-bidimensionnal turbulence of an electromagnetically forced flow. The large scale velocity U L exhibits this power-law spectrum with α ≃ 0.7 over a range of frequencies smaller than both the characteristic turn-over frequency and the damping rate of the flow. By studying the statistical properties of sojourn time in each polarity of U L , we demonstrate that the 1/ f α noise is generated by a renewal process, defined by a two-state model given by the polarities of the large scale circulation. The statistical properties of this renewal process are shown to control the value of the exponent α.
Introduction. -Fluctuations which have spectral densities varying approximately as 1/ f (or more generally as 1/ f α with 0 < α < 2) over a large range of frequencies, or 1/ f noise, have been studied since a long time in physics, first in the context of low frequency voltage fluctuations in electrical conductors [1] . An early motivation has been the divergence problem related to a spectrum with a 1/ f power law without any observed low frequency cut-off. Other questions concerned the non stationary or non Gaussian character of 1/ f noise. The 1/ f behavior has been first related to the existence of a broad band distribution of relaxation times in the system [2, 3] . Other stochastic models include fractal Brownian motion [4] or power-law shot noise [5] . Dynamical system theory provided another type of approach relying on deterministic low dimensional systems displaying a transition to chaos via intermittency [6, 7] . These studies were useful to explain both the wide (power-law) distribution of relaxation times as well as the related 1/ f α spectrum. This correspondence has been emphasized using purely stochastic models that involve random bursts or random switching between two states. It has been shown that if the intereventtime probability distribution function (PDF) decays as a power law, P(τ) ∝ τ −β , a 1/ f α spectrum is obtained with α related to β [8, 9] . Most of the early experimental observations of 1/ f α noise do not display such discrete events. However, switching events have been observed in small electronic systems (submicrometer MOSFETs) [10] and more recently in blinking quantum dots [11] . We present here the observation of a similar behavior on a macroscopic system, two-dimensional (2D) turbulence, where we show that switching events between the two polarities of the large scale circulation (LSC) account for the observed 1/ f α noise. 1/ f α spectra have been reported in various turbulent flows: in wall turbulence, they are observed in an intermediate p-1 frequency range and are ascribed to the 1/k spatial spectrum related to hairpin vortices [12] . They have been observed for all frequencies below the integral scale in von Karman swirling flows, both for the pressure [13] and the velocity [14] . 1/ f α spectra have been also observed in these flows for the fluctuations of the magnetic field, either when an external field is applied to a liquid metal [15] or when the magnetic field is generated through the dynamo process [16] . Similar results have been found in numerical simulations of hydrodynamic or magnetohydrodynamic turbulence [17] .
The experiment under study consists in a quasibidimensional flow of a thin layer of liquid metal driven by a spatially periodic electromagnetic force. It has been predicted [18] and experimentally checked [19, 20] that in 2D turbulence, an inverse cascade of energy can drive a LSC superimposed on turbulent fluctuations. Whereas many studies have focused on the relation between coherent structures and spatial spectra, less attention has been paid to the frequency spectrum of 2D turbulent flows and to the possible signature of the dynamics of coherent structures. We study the temporal and spectral properties of the LSC and report the first experimental study of 1/ f α noise in 2D turbulence. A striking feature of these fluctuations is their frequency range, which is well below the LSC turnover frequency and damping rate and extends to the lowest measured frequency without any low frequency cut-off. We explain how this 1/ f α spectrum results from the dynamics of the LSC and we show that α is related to the power-law exponent β of the PDF of the waiting time between two successive changes of sign of the LSC. Fig.1 ). In the vicinity of each electrode, the current density j is radial so that the associated Lorentz force f L = j × B 0 creates a local torque. For low injected current, this forcing drives a laminar flow made of an array of 8 counter-rotating vortices. Great care has been paid to inject the same current through each electrode, in order to avoid the injection of net angular momentum in the flow. To prevent the oxidation of the upper surface, a thin layer of hydrochloric acid is placed on top of the liquid metal. Balancing the Lorentz force and the inertia gives the typical velocity of the forced vortices, U c = |f L |L. Its order of magnitude is 10 −1 m/s for 25 < I < 100 A. The bidimensionality of the flow is achieved by a low magnetic Reynolds number, typically Rm = σ µU c L ∼ 10 −2 , a relatively high interaction pa-
0 L/(ρU c ) ∼ 10 and a high Hartmann Number
1/2 ∼ 10 2 , where µ 0 , σ , ν are the magnetic permeability, electrical conductivity and kinematic viscosity respectively. In this parameter range, the velocity does not depend on the vertical coordinate except in a thin Hartman layer of size δ h = h/Ha along the bottom boundary. This provides an additional dissipation to the 2D depth-averaged velocity field v(x, y,t) that takes the form of a linear friction term in the 2D Navier-Stokes equation, namely −v/τ H [21] , with a time scale τ H = hδ H /ν of the order of 10 s. We have checked that τ H is in good agreement with the experimentally measured damping rate of the large scale flow [22] , confirming the bidimensionality of the flow as explained in [21, 23] .
For the 2D flow, we define two non-dimensional parameters from the two sources of dissipation, viscosity and friction: the usual Reynolds number Re = U c L/ν and Rh = U c τ H /L which is the ratio of inertia to linear friction. The ratio Re/Rh, independent of the injected current, is equal to Ha(L/h) 2 ∼ 10 4 . By changing I we vary Rh between 1 and 50 so that we reach relatively large Reynolds numbers. Since viscous dissipation becomes efficient at scales smaller than l = L Rh/Re ∼ 10 −3 m, dissipation at large scale is mainly due to friction. It follows from these order of magnitude estimates that Rh is the pertinent control parameter for the dynamics of the large scales, which is well verified experimentally [22] .
Velocity measurements are performed using three different methods [22] : particle tracking (oxides on the Galinstan surface) shows the large scale velocity and the corresponding vorticity levels as displayed in Fig.1 . An ultrasound transducer emits 4 MHz wave trains along the dashed line in Fig. 1 . They are reflected back by oxide particles in the flow and analyzed using a DOP3010 velocimeter (Signal Processing). The longitudinal velocity component is thus measured throughout the cell. The power spectra of the local velocity in the bulk of the cell and of the averaged velocity along the dashed line in Fig.  1 , are shown in Fig. 2 . They both display a power law behavior close to 1/ f on a decade 0.01 < f < 0.1 Hz. However, this measurement method is not well suited in the low frequency limit because measurements of long duration (> 5 hours) are difficult due to the large memory required to save and to process the data. It has been known since a long time that a large scale velocity component can be directly determined by measurement the potential difference between a pair of electrodes in an external magnetic field [24] . As sketched in Fig. 1 , one of the electrodes is located in the middle of the cell and the other one close to the lateral wall, 5 mm away from it. The potential p-2 Title difference between the electrodes ∆V is ∆V ≃ φ L B 0 , with φ L the flow rate between the center and the wall of the cell. In the following we use the spatially averaged velocity U L , defined by U L = 2φ L /L, which is thus the large scale velocity coarsegrained on size L/2.
The different flow regimes and the low frequency spectrum. -Increasing Rh from small values, coherent structures, with scales larger than the one of the forcing, are generated due to the non-linear energy transfers from small to large scales. For Rh > 5, the flow is turbulent and several spatial scales contain energy as displayed in Fig 1 (right) . The dynamics of the LSC is chaotic. Its probability density function (PDF) is gaussian for intermediate values of Rh but becomes bimodal for Rh > 12. The LSC then reverses between two values ±U L of maximum probability. When Rh is larger (Rh ∼ 30 − 40), reversals of the LSC are less frequent and more visible on the direct recording of the velocity. They are no longer observed for Rh > 50, for which the LSC has a constant sign. All these flow regimes have been observed by numerical simulation of the 2D Navier-Stokes equation with damping [25] . The amplitude of the LSC given by the time series of U L , is displayed in Fig. 3 for Rh = 17. High frequency turbulent fluctuations are superimposed to low frequency fluctuations. In particular we observe long events of constant sign (see for instance 307 < t < 340 s). To investigate the properties of the LSC, we calculate the temporal power spectrum E( f ) of U L (see Fig. 4 ). Two distinct behaviors are observed (for f larger or smaller than a crossover frequency f t ). The spectrum is steep for f > f t . For f < f t , the spectrum displays a power-law behavior f −α with α = 0.7. For Rh < 30, the large scale flow thus exhibits 1/ f noise over roughly two decades. For Rh > 30, we observe a departure from the f −0.7 scaling. This phenomenon is related to the transition of the flow to the condensed regime where the statistical properties of the flow suddenly change [18, 19] . For small values of Rh (between 5 and 10), the fluctuations of the LSC have a flat temporal power spectrum at small frequency. We thus restrict our study to 12 < Rh < 30. We report the values of the exponent α (blue circles) as a function of Rh in Fig. 5 . The exponent is calculated on the interval [ f c , f t ] where f c /(2π) is the inverse of the experiment duration which is set by the thermal stability of the set-up, of the order of a few hours. For frequencies larger than f c , there is no sign of a frequency cut-off below which the spectrum would become flat. The maximum frequency f t is of order 0.4 Hz and corresponds to several turnover times of the LSC L/ |U L | , with |U L | ∼ 2.10 −2 m/s, a typical value of the time average of |U L |. The low frequency range corresponds to frequencies smaller than the slowest turnover time. Obviously there is no hope that a Taylor hypothesis could explain the spectrum by an equivalence between frequency and wave number k. In addition, the 1/ f range extends to frequencies much smaller than the damping rate 1/τ h = 0.1 Hz. In other words, the 1/ f spectrum is the frequency signature of large scale coherent structures, with life time larger than both their turnover time and the dissipation time τ H . Relation between the low frequency spectrum and reversals of the large scale velocity. -As noticed in Fig. 3 , the LSC can maintain a constant direction for very long durations and a natural question is the relation between these events of constant polarity and the 1/ f noise. To what extent do these events control the low frequency part of the spectrum? To answer this question, we compute E S , the power spectrum of the sign of U L , thus keeping only the information of the direction of rotation of the LSC. E S is displayed in the inset of Fig. 4 . It exhibits strong similarities with the spectrum of U L for f < f t . These observations are confirmed by the calculation of the exponent α S (see Fig. 5 ), defined by E S ( f ) ∝ f −α S for f < f t . For all Rh, α and α S are almost equal, which implies that E S and E contain the same spectral information for the low frequency range.
p-3 To further investigate the information contained in the sign of U L , we calculate the statistical properties of the time between sign changes. The PDF P(τ) of duration τ between two consecutive sign changes is shown in Fig. 6 . P(τ) exhibits a power law, P(τ) ∝ τ −β for τ > 4 s, which corresponds to time scales larger than f −1 t . The dashed line is a power law with β = 2.25. Such heavy-tailed distributions indicate that long durations have a high probability of occurrence. Then these events control the behavior of the autocorrelation function of the signal and thus are responsible for the form of the spectrum at low frequency. A simple argument can be stated as follows. Let u(t) be the renewal process defined by the sign of U L . We note T i the interval between sign changes and consider the autocorrelation function C(τ) = u(t)u(t + τ) . We estimate C(τ) as T −1 m T m 0 u(t)u(t + τ)dt, with T m tending to infinity. This corresponds to averaging the signal with itself but shifted in time, so that only phases for which the signal is constant on duration T i larger than τ give a non zero contribution to C(τ). During T m there are T m P(
2−β . The associated spectrum follows from Wiener-Khinchin theorem, E( f ) ∝ f β −3 . We have thus obtained the relation (see for instance [8] 
To test this prediction, we compute for different Rh the exponent β from P(τ) on the time interval f
c corresponding to the frequency interval used to calculate the slope of the spectra. The exponents β are displayed in Fig. 5 together with α + β . We observe that α + β is close to 3. Our experimental measurements are thus in good agreement with the theoretical prediction. We also stress that for 2 < β < 3, the relation α = 3 − β still holds, even if the PDF of waiting time is asymmetric between up and down states [8] . This implies that the relation is robust to possible imperfections of the experimental set-up, which could break the symmetry between the two directions of rotation.
Conclusions. -We conclude that the 1/ f α spectrum is related to the power-law scaling of the PDF of the sojourn time Motivated by our observations on 2D turbulence, we considered data for the pressure fluctuations in 3D turbulence [13] . We confirmed that the 1/ f α spectrum of pressure is related to the power-law scaling of the waiting time between successive pressure drops due to intermittent vorticity filaments. We made a similar observation for the 1/ f α spectrum of the magnetic field generated by a dynamo process [15] that results from the statistics of bursts of magnetic field. We also believe that the 1/ f spectrum of the velocity in the von Karman flow [14] results from the power-law scaling of the switching dynamics of the shear layer. The analysis of all these data will be reported elsewhere [26] . The second question related to the origin of the long lifetimes of the LSC and the power-law scaling of the sojourn time in each polarity is still open. We have observed that the switching dynamics between LSC of opposite polarities is rather complex and involve several intermediate states with different vorticity distributions. Thus, we can assume that the whole switching process requires the successful completion of several independent transitions, a mechanism that is known to generate power law distributions [27] .
